Introduction
The radioactive isotope K-40 forms 0.01% by weight of natural potassium and emits a sufficient level of gamma rays to be detectable in the subsurface. Because potassium is one of only three geologically common elements that emit gamma rays, the best approach to the estimation of potash grade in boreholes is through the use of the gamma-ray log. The gamma-ray response to a "formation" comprised of pure potassiumbearing minerals was computed by Edmundson and Raymer (1979) and included in a tabulation by Hearst and others (2000) , as shown in table 1: Table 1 . Gamma-ray responses to potassium-bearing minerals. From Edmundson and Raymer (1979 The measured gamma-ray flux in a potash zone varies with mineral concentration.
Peak gamma-ray values in 16 potash zones in wells drilled in southeastern New Mexico range from 120 to 270 API units (Lewis, 2006) .
The estimation of radioactive concentration from gamma-ray logs was of great interest in the assessment of uranium reserves and a technical procedure for doing so was developed in the late 1950s in work sponsored by the Atomic Energy Commission.
Borehole calibration facilities containing known concentrations of potassium, uranium, and thorium were established at various sites in the western United States (Steele and George, 1986) . The procedure for estimating the grade of radioactive material is directly applicable to potash, as described below.
Method of Obtaining the Grade-Thickness Product from Gamma-Ray Logs
Gamma-rays emitted by a thin bed of radioactive material penetrate adjacent beds as well as the radioactive bed itself. Consequently, a logging tool measuring gamma-ray activity in a borehole penetrating a sequence of thin radioactive beds will measure not only the radiation of the nearest bed but also that of adjacent beds. These "tails" of radiation pose a problem in estimating the amount of radioactive material in a bed, because radiation encountered in a borehole will be the sum of radiation emitted by the radioactive material at that depth plus the sum of the "tails" from all adjacent beds. As a consequence, a plot of gamma-ray activity γ (measured in a borehole) versus the concentration of in situ radioactivity (measured as grade G from core material) can exhibit considerable scatter, reducing the utility of the form G = mγ + b, where m and b are empirical constants. (The determination of true grade from a simple linear relation is valid only if the gamma-ray detector is positioned in the center of a thick bed with uniform radioactivity, where "thick" means greater than 3 ft (Scott, 1963) .) Scott and others (1961) showed experimentally and theoretically that the gradethickness product of a radioactive bed is proportional to the area under the gamma-ray curve,
where:
G is the grade or average concentration of a radioactive element by weight in a bed (weight percent U 3 O 8 in the original experimental work),
T is the thickness (feet) of the bed, K is the proportionality factor (weight percent U 3 O 8 / γ-ray response unit), and
A is the integral of the γ-ray response with respect to depth (the area under the γ-ray curve) and is referred to here as the "gamma-ray-thickness".
In practice, A is evaluated by summing the γ-ray response with respect to depth (Fink, 1978) ,
where w i is the thickness of the ith interval and γ i is its gamma-ray response. The sum extends over an interval sufficient to capture the response of the logging tool to the bed (or the sum can be truncated near the bed boundaries and a "tail factor" can be applied (Scott and others, 1961) ). If the γ-ray response is digitized at regular intervals w, then
A common value for w is 0.5 ft. In oil and gas well logging, γ-ray response is measured in "API units", a unit established in a calibration facility in Houston, Texas, in which case the units of A are API-feet. If a logging tool is not calibrated in API units, the response is generally in counts per second (cps), and the units of A are cps-feet. Scott and others (1961) noted that "although the method has been applied specifically to uranium deposits, the principles upon which it is based are generally applicable to deposits of other elements which either emit gamma rays or are quantitatively related to gamma-ray emitters." There is a caveat to this statement, however. Uranium-rich beds produce high count rates, so the background count rate is negligible. In potash-rich beds, count rates are lower and the background may not be negligible. To remove background, the value of γ i in equations 2 and 3 should be determined after subtracting out the gamma-ray baseline, which typically ranges from 10 to 20 API units.
A Test of the Grade-Thickness Method for Potash
To test the grade-thickness approach, I used two data sets from the Carlsbad, New
Mexico area supplied by Jim Lewis, Chief Geologist of Intrepid Mining, LLC. The first data set includes a total of 72 depth intervals in 7 wells, within which there were 16 potash zones with K 2 O analyses and accompanying gamma-ray values. Data from six contiguous depth intervals in one zone from well AEC-008 are given in Table 2 to illustrate the nature of the data set. The second data set used in this study incorporates gamma-ray logs and K 2 O
analyses from the P-series of wells, in which the gamma-ray log was recorded in cps rather than API units. This data set includes 100 depth intervals in 29 potash zones in 11 8 wells. A plot of all 100 pairs of gamma-ray values and K 2 O analyses ( fig. 3) shows a general increase of gamma-ray response as K 2 O grade increases, with more scatter than exhibited in figure 1. When the grade-thickness computation is done, the scatter is greatly reduced and the resulting data points from the 29 zones show better correlation between gamma-ray-thickness and K 2 O grade-thickness ( fig. 4) . These two examples illustrated in figs. 1-2 and 3-4 represent a preliminary demonstration of the grade-thickness calculation for potash rather than a complete one, because the tails of the gamma-ray log above and below the ore zones were ignored and because the gamma-ray baseline value should be removed before computing the sum.
The calculations should be repeated with digitization of the gamma-ray log on equal (half-foot) increments, with inclusion of the tails, and with removal of the gamma-ray baseline. With these steps, the scatter in figures 2 and 4 should be further reduced and the K-factor can be determined.
Determination of Average Grade
Once the grade-thickness is determined for a single potash zone, the average grade for that zone is determined simply by dividing by the zone thickness. The thickness is the distance between the elevations at which the gamma-ray response declines to one-half its maximum value.
Sources of Error in Using the Grade-Thickness Computation
Errors in using the grade-thickness computational method, such as those listed below, deserve consideration. However, the method does eliminate some sources of error that would be encountered in using a method based upon least-squares analysis.
7. Errors in calibration of gamma-ray logs If an offset has been introduced, then the grade-thickness method will not be affected. However, if the API value is off by a constant multiplicative factor, then the grade-thickness evaluation will be proportionately in error.
8. Presence of uranium and thorium. Both uranium and thorium emit gamma-rays and if present would raise the count rate of a total-count gamma-ray tool. The levels of uranium and thorium in potash zones can be established from core or by logging some test wells with spectral gamma-ray logging tools.
Summary
The grade-thickness method is recommended as the best procedure for calculating potash grade from well logs. Overall accuracy cannot be assessed until calculations more thorough than used in this review are carried out.
